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a  b  s  t  r  a  c  t

Concentrated WPI  solutions (10%, w/w) containing approximately 50% beta-lactoglobulin (�-LG) and 26% alpha-

lactalbumin (�-LA) were fractionated with HCl at acidic pH and moderate temperature to obtain enriched �-LA and

�-LG  fractions. Aggregation behavior and kinetics of protein precipitation and aggregate formation were analyzed

as  a function of four process parameters: pH (3.0–5.5), temperature (50–70 ◦C), reaction time (0–180 min) and protein

concentration (10–29%). The precipitation and aggregation of �-LA appeared rate-limited, with a logarithmic depend-

ence of time and possible bimodal nucleation rate, and varied considerably with pH and temperature. Aggregates as

large  as ∼300 �m were noted after 120 min at pH 4, 60 ◦C. Processing parameters were optimized to obtain both a high

aggregate yield and optimal composition of the aggregate fraction. The optimally enriched solid and liquid fractions

contained 58% �-LA and 76% �-LG, respectively, with 99% and 74% recovery ratios. Over the pH range studied, �-LG

aggregation was found negligible at 60 ◦C and �-LG recovery in the aggregates attributed to liquid holding. Increasing

WPI  concentration accelerated �-LA aggregation, demonstrating a concentration-dependent aggregation mechanism,

and  reduced aggregate purity. Enriched whey protein fractions are valuable health-enhancing food ingredients.
Published by Elsevier B.V. on behalf of The Institution of Chemical Engineers.

Keywords: Whey  proteins; Aggregation; Fractionation; Alpha-lactalbumin; Beta-lactoglobulin; Kinetics; Hydrochloric

acid

protein via internal linkages (Kilara and Vaghela, 2004). With
.  Introduction

he main byproduct of cheese manufacturing is sweet whey.
ust over 50% of cheese whey produced in the U.S. is concen-
rated through ultrafiltration or ion-exchange to manufacture
hey  protein concentrates (WPC) and whey protein isolates

WPI) (Bonnaillie and Tomasula, 2008). WPC  contain from 34
o 85 wt.% protein, while WPI  contain less lactose and fat, and

ore  than 90 wt.% protein. �-Lactoglobulin (�-LG) usually con-
titutes more  than half of the total composition of WPI, whose
unctional properties approximate those of �-LG.

Fractionation of the whey proteins can emphasize the
unctional and nutritional properties of the individual pro-
eins. Reviews of fractionation techniques that have been
esigned to separate �-LG and �-LA from the other whey
roteins using clarified whey, WPC  or WPI  solutions can be

ound in Bonnaillie and Tomasula (2008) and El-Sayed and
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Chase (2011).  Techniques to fractionate the whey proteins
include the selective aggregation of either �-LG or �-LA via
heat denaturation, with or without pH adjustment to exploit
the different isoelectric points of �-LA (∼4.4) and �-LG (5.2)
(McKenzie, 1971). While �-LG precipitates rapidly and selec-
tively at high temperature (70–120 ◦C) and pH near neutral
(pH-8) (Kiesner et al., 2000; Plock et al., 1998; Wang et al.,
2006), �-LA precipitates and aggregates better at acidic pH
(3.5–5.5) and moderate temperature (50–65 ◦C) with long reac-
tion times, usually accompanied by the precipitation of bovine
serum albumin (BSA), immunoglobulins (Ig) and lactoferrin
(Lf), while �-LG and casein-macropeptide (CMP) remain sol-
uble (Bramaud et al., 1997b; Fernandez et al., 2011; Outinen
et al., 1996; Pearce et al., 1991a).  At neutral pH, �-LA con-
tains 1 mol  of calcium per mol  of protein, stabilizing the folded
n is solely for the purpose of providing specific information and
nt of Agriculture.
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whey,  WPC  or WPI  solutions, calcium ions within �-LA dis-
solve around pH 3.8–4.2 and �-La unfolds and aggregates
(Bernal and Jelen, 1984; Bramaud et al., 1997a; Pearce, 1983;
Rialland and Barbier, 1988; Wu, 2003), forming molten glob-
ules (Permyakov and Berliner, 2000). The �-LA precipitate is
extracted by centrifugation. After separation of the two pro-
tein fractions, neutralizing the acidic pH introduces salts in the
products. Because removal of these salts generates extra pro-
cessing steps and cost, supercritical CO2 was used to acidify
WPC  solutions by formation of carbonic acid. After depressur-
ization, CO2 was released and pH returned to 6–6.3 (Tomasula
and Parris, 1999; Tomasula et al., 1998).

At neutral pH, the kinetics of heat-induced denatur-
ation of individual whey proteins were studied at various
temperatures, protein concentrations and mineral contents
(Dannenberg and Kessler, 1988; Kessler and Beyer, 1991). In
dilute conditions at high temperature (≥80 ◦C), the rates of
thermal denaturation of �-LA and �-LG had an order of 1
(Tolkach et al., 2005) and 1.5–2, respectively (Roefs and de
Kruif, 1994; Verheul et al., 1998). The kinetics of formation
and the morphology of salt- or thermally-induced WPC  or
WPI  aggregates near neutral pH and at high temperature were
also characterized (Havea et al., 2002; Schmitt et al., 2007; Wu
et al., 2005).On the other hand, acidic pH considerably affects
the denaturation and aggregation rates of both �-LA and �-
LG (Tolkach and Kulozik, 2005), and limited data is available
on the quantitative effects of pH on precipitation and aggre-
gation kinetics. At 80 ◦C, the thermal denaturation rate of
�-LG decreases considerably from pH 6.7 to 4.5 (Spiegel and
Huss, 2002), enabling the selective recovery of �-LA aggregates
around pH 4.5. However, an analysis of pH effects on the pre-
cipitation kinetics and aggregation behaviors of �-LA and �-LG
at acidic pH and lower temperatures (50–70 ◦C) is lacking.

The present work aims to extend Pearce’s studies (1983;
1987; 1991) of the precipitation of �-LA with HCl at moderate
temperatures with a study of the kinetics and behavior of the
�-LA aggregation reaction as a function of time, temperature,
pH and protein concentration, in order to optimize the sep-
aration of �-LA-enriched aggregates from the �-LG-enriched
soluble fraction and maximize both the yield and purity of
the products, for commercial scale-up purposes. We  used con-
centrated WPI  as a starting material to lower the amount of
impurities in the protein solution (lactose, fat, salts) compared
to WPC  or dilute whey, in order to study the individual rates
of precipitation of �-LA and �-LG and optimize the reaction
parameters to maximize �-LA precipitation while minimiz-
ing that of �-LG. Post-processing steps that alter the protein
fractions (e.g., washing) were not used, to quantify aggregate
yields and protein recoveries as a function of sole reaction
conditions.

Results from this study help understand and optimize new
or existing acid-induced whey  protein fractionation processes
that use HCl or other acids, such as CO2 (Tomasula and Yee,
2001), and increase the yield and purity of the protein prod-
ucts.

2. Materials  and  methods

2.1. Materials

Spray-dried WPI  from cheese whey, Provon 190, was purchased

from Glanbia Nutritionals Inc. (Richfield, ID) and contained
90.1% (w/w)  protein, with 3.6% moisture, 2.9% ash, and fat
and lactose. The protein composition measured with gel elec-
trophoresis (SDS-PAGE, 5 replicates) was: 59.3% (w/w) �-LG,
31% �-LA, 3.3% caseins, 3.1% Ig, 2.6% BSA and 0.7% Lf. The CMP
content was estimated to ∼15% (w/w) using a UV-spec/RP-
HPLC/mass-spec combination method (unpublished results)
and the protein composition of WPI  was corrected to: 50.5%
�-LG, 26.3% �-LA, 15% CMP and 8.2% other proteins.

A 4 N hydrochloric acid (HCl) solution (Sigma–Aldrich, St.
Louis, MO) was used to adjust the pH of WPI  solutions as
desired. All WPI  solutions were prepared with de-ionized
water produced with a Milli-Q Synthesis water purification
system (Millipore, Billerica, MA).

2.2.  Study  of  aggregation  kinetics  vs.  pH  and  time

Solutions containing 10% (w/w) WPI  (i.e.,  9.0% protein) in
de-ionized water were turbulently stirred in an Erlenmeyer
flask at room temperature until dissolved. The flask was
then placed in a water bath (temperature stability ± 0.05 ◦C)
heated to 50, 55, 57.5, 60, 65 or 70 ◦C, and stirred quickly
with an impeller. After thermal equilibrium (∼10 min), a pre-
calculated amount of HCl was injected to lower the pH of the
WPI  solution to the working pH of interest (from 5.5 to 3.8) and
initiate the aggregation of �-LA. Kinetic samples (5 mL)  were
extracted with a pipette before the addition of HCl at t0 = 0,
and then at times ti and transferred to pre-weighed, 5 mL glass
centrifuge tubes held in an ice-bath to quench the aggregation
reaction. Samples were also collected in 2.5 mL  sealed plastic
tubes for microscopic imaging purposes. Kinetic experiments
were run for up to 300 min.

2.3.  pH  adjustment

Due to the buffering properties of whey proteins, we first cali-
brated the pH of the WPI  solutions as a function of the volume
of 4 N HCl added. Solutions with 10% (w/w) WPI  were pre-
pared and heated to 60 ◦C in a digital water bath and stirred
rapidly. Solution were yellow and translucent at the initial
pH of 6.22. Every 10 min, small HCl aliquots were added to
reduce the pH slightly and the pH, opacity and viscosity of
the WPI  solution were noted. A linear relationship between
pH and the volume of HCl added was noted between pH 5.0
and 3.0: pH = − 81.4 VHCl + 5.62, where VHCl is the volume of 4 N
HCl added to a 10% WPI  solution, in mL/mL. This formula was
used in all kinetic experiments to calculate the volume of HCl
to add at t0. The pH of the WPI  solutions was measured both
before and after each fractionation experiment.

2.4.  Microscopic  study  of  aggregate  formation

Kinetic samples placed in small plastic tubes were fixed with
the addition of 10% (v/v) of a 25% glutaraldehyde solution
at room temperature, then left to solidify overnight under
refrigeration for microscopic imaging. Solidified samples were
thinly sliced in their center with a razor blade, and protein
population-density on the slice was analyzed with confocal
fluorescence microscopy using fluorescent functional groups
such as tryptophan (Vivian and Callis, 2001).

2.5.  Separation  and  quantification  of  the  protein
fractions
Kinetic samples in glass tubes were covered and stored upright
overnight in the refrigerator. After ∼16 h, the sedimentation
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rofile (opacity as a function of vertical depth) of the aggre-
ate particles inside each tube was examined to derive kinetic
nformation on particle size evolution and yield vs. reaction
ime and pH. The solid and soluble protein fractions were then
eparated using a table-top Sorvall® EconoSpin centrifuge
ith bucket holders, for 60 min  at room temperature and max-

mum speed (3600 rpm, average acceleration = 2000 × g). The
upernatant was collected into glass vials and labeled ‘beta’
raction, or the protein fraction enriched with �-LG. The aggre-
ate fraction was lyophilized and labeled ‘alpha’ fraction, or
he protein fraction enriched with �-LA. Both protein fractions
ere quantified by differential weighing: before centrifuga-

ion; after removal of the supernatant; after lyophilization.
ost-treatments such as washing and ultrafiltration were not
pplied to minimize material losses and weighing errors.

.6. Composition  of  protein  fractions

el electrophoresis samples of all fractions were prepared
ith 7 wt.% protein in a 2.5% SDS solution neutralized with

odium hydroxide 0.1 N. SDS-PAGE gels were run on a Phast
ystem (Pharmacia, Piscataway, NJ) using 20% acrylamide
omogeneous gels with 8 lanes. A low-molecular weight
arker (Bio-Rad, Hercules, CA) was used on one of the gel

anes. Gels were stained with Coomassie brilliant blue dye
t room temperature for 20 min  and de-stained overnight.
els were analyzed with ImageQuaNTTM software (Molecu-

ar Dynamics Inc., Sunnyvale, CA). The quantitative protein
omposition of each sample was determined from the rela-
ive band sizes (‘band %’) and integrated color-density profiles
‘volume’) of each band as calculated with the ImageQuaNTTM

oftware. Data analyses of each sample were performed in
uplicate.

.  Results  and  discussion

.1.  Kinetics  of  aggregate  growth

nder acidic pH at 60 ◦C, �-LA and most of the minor whey pro-
eins precipitated, while CMP  and most of the �-LG remained
n solution. The size, rate of formation, yield and composition
f the aggregates were functions of pH; time, t; temperature,
; and protein concentration, C.

.1.1. pH  range  determination
he pH of a highly concentrated WPI  solution (28.5%, w/w)
as adjusted progressively to determine the ideal pH range
f study at 60 ◦C. Whey  proteins aggregated and/or polymer-

zed when acidity increased and caused respective whitening
nd/or thickening of the WPI  solution. From pH 6.2–5.5, no
hange was observed. Below pH 5.5, whitening and increasing
pacity of the WPI  solution were noted and attributed to pro-
ressive generation of protein particles. A noticeable increase
f the solution’s viscosity was also observed at low pH. At pH
.8, some gelling was noted, hypothetically due to the poly-
erization of �-LG proteins, and a thick gel was fully formed

t pH 3.3. Thus, pH 5.5–3.8 was chosen as the optimal pH range
o study whey protein aggregation at 60 ◦C without gelling
nterference.

.1.2. Particle  size
he growth of individual aggregate particles was first evi-

enced by tracking the evolution of the vertical opacity
radient of each kinetic sample during settling under
normal gravity. Immediately after extraction from the reactor,
all samples were uniformly white and opaque. During settling,
an opacity gradient appeared as particles began descending
through the samples, forming a sedimentation front. Larger
particles sediment faster than smaller ones because the sed-
imentation velocity is proportional to the square of diameter
according to Stoke’s law (Lamb, 1994). At all values of pH,
a downward shift of the sedimentation front and increased
transparency of the topmost layer of the samples with reaction
time (t) evidenced an acceleration of particle sedimentation
caused by particle growth. At pH 4 and 0 < t < 40 min, the tran-
parency of top sample layers after settling increased with
reaction time due to the growth of fine particles and conse-
quent sedimentation rate-increase; for t > 40 min, top sample
layers remained opaque after overnight settling. The presence
of suspended fines suggested either a bimodal aggregation
rate of the whey proteins, or increased mixture viscosity. Par-
ticle size analysis of a sample extracted at pH 4 and t = 224 min
with a Model 780 AccuSizer particle size analyzer (Agilent
Technologies, Santa Clara, CA) in de-ionized water, showed
that ∼53% of the particles detected had a 1–2 �m diameter;
∼20%, 2–5 �m diameter; and the remaining ∼27% followed
a bell-shaped distribution between 5 and 50 �m diameter.
The number-average diameter was 4.8 �m,  volume-average
diameter, 22 �m,  and polydispersity index, 4.6. The Accu-
Sizer was however not a reliable technology to determine the
size distribution of whey protein aggregates immediately after
fractionation: partial redissolution of the aggregates in water
during analyses shifted the entire distribution toward smaller
particle sizes, as evidenced by the number-average diameter of
3.4 �m and polydispersity index of 12.3, after 90 min  residence
in the AccuSizer.

The kinetics of aggregate formation were observed with
confocal fluorescence microscopy. Fig. 1 shows the evolution
of the structure of the WPI  solution with reaction time at
60 ◦C and pH 4 (negative image). Shades of grey are a func-
tion of local protein density and darker areas represent zones
of denser protein population. At t = 0, the solution is a mostly
homogeneous suspension, with a few small particles of un-
dissolved WPI  powder present. After 1 min, the solution loses
its homogeneity as proteins begin to flocculate. At t = 6 min,
aggregated protein areas are observed (darker areas), that
grow and become denser and more  defined with time, while
the homogeneous background (light grey area) recedes. At
t = 99 min, large aggregates of 200–300 �m diameter can be
seen, which is approximately an order of magnitude larger
than the largest particles measured with the AccuSizer. A
number of very small particles (<10 �m)  become visible in the
background, in agreement with suspended fines observed dur-
ing sedimentation studies. Further analyses may determine
whether these fines are small �-LA aggregates or aggregates
of the sparse minor whey proteins.

3.1.3.  Total  aggregate  yield
The total aggregate yield, Yagg, was defined as the ratio of
the mass of dry aggregate collected after centrifugation and
lyophilization, to the initial mass of WPI  powder in a sample:

Yagg = mass dry aggregate
(mass sample × C)

(1)

where C is the WPI  solution concentration (w/w). At all values

of pH, the total aggregate yield increased with time during
the aggregation reaction, and was fitted very well with a



740  food and bioproducts processing 9 0 ( 2 0 1 2 ) 737–747

Fig. 1 – Confocal auto-fluorescence microscopic images of 10% WPI  solution vs. time, during aggregation at 60 ◦C and pH 4.
ein p

pH 4.06. On the contrary, the minor whey proteins precipitated
Negative image: darker areas represent zones of denser prot

logarithmic function of time, e.g.,  Yagg(t) = 0.044 ln(t) + 0.195 at
pH 4.28, with t in minutes.

3.2.  Fractions  compositions  and  protein  recoveries

3.2.1.  Compositions  measured  with  SDS-PAGE
In Fig. 2, a SDS-PAGE gels shows the typical evolution of the
protein composition of the beta fraction with time, during the

aggregation reaction. In each lane, the �-LA band is located
at 14,400 g/mol and the �-LG band around 18,000 g/mol, while

Fig. 2 – Evolution of the protein content of the beta (liquid)
fraction vs. time, during aggregation at 60 ◦C and pH 4, as
analyzed with SDS-PAGE. Lane 1: low molecular weight
marker.
opulation. Scale: 80 �m.

all the other bands constitute BSA, Lf, Ig, and caseins and
casein residues, which were all grouped under the ‘minor
whey proteins’ category because or their small percentages
in the starting WPI. Fig. 2 clearly shows the depletion of �-LA
from the liquid fraction with time, due to precipitation and
aggregation of �-LA. At 60 ◦C, �-LA precipitation was slow and
progressive, and equilibrium was not reached after 224 min at
Fig. 3 – Composition of the aggregate fraction vs. time
during fractionation of 10% WPI  solution at 60 ◦C and pH
4.7, from SDS-PAGE measurements: evolution of �-LA,
�-LG, and minor proteins contents.
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Fig. 4 – Protein recovery yields in the aggregate fraction
during fractionation of a 10% WPI  solution at 60 ◦C and pH

F
S
S

uickly and the corresponding bands on gels became too faint
o identify and measure after ∼10 min.

Fig. 3 presents the quantitative evolution of the compo-
ition of the aggregate fraction at pH 4.7. Minor proteins
ppeared to precipitate first and their content in the aggregate
raction was highest at the beginning. As time increased, �-LA
recipitated faster than either �-LG or the minor proteins and
he proportion of �-LA in the aggregates increased, resulting
n relative enrichment of the precipitate with �-LA.

.2.2. Protein  recoveries:  kinetics  of  ˛-LA  and  ˇ-LG
ggregation
ue to high solubility in the range of temperature and pH used,
ost of the lactose, minerals, and CMP  in WPI  were assumed

o remain in solution during centrifugation and be recovered
n the supernatant, together with the low-density fat, while
he aggregate fraction consisted mostly of proteins. The recov-
ry yields for �-LA, RA, and for �-LG, RB, were calculated as
ollows:

A = amount of �-LA in aggregate
initial amount of �-LA

= xA × Yagg

xA,0
(2)
B = amount of �-LG in aggregate
initial amount of �-LG

= xB × Yagg

xB,0
(3)

ig. 5 – Confocal auto-fluorescence microscopic images of a 10% 

amples collected after 3, 6, 17 or 51 min. Negative images: dark
cale: 80 �m.
4.70.

where xA,0 and xB,0 are the mass fractions of �-LA and �-LG
in the initial WPI, respectively, and xA and xB are the mass
fractions of �-LA and �-LG in the aggregate fraction measured
with SDS-PAGE.

Fig. 4 shows the fast initial precipitation of the minor
proteins tapering off after 10 min, followed by continued

aggregation of the �-LA proteins with time (up to 45% recovery
after 95 min  at pH 4.7). The smaller amount of �-LG recovered

WPI  solution during aggregation at pH 3.5 and 60 ◦C.
er areas represent zones of denser protein population.
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Fig. 6 – Total aggregate yield after centrifugation as a
function of pH and time during aggregation of 10% WPI
solutions at 60 ◦C.
in the aggregate fraction may be due in part to entrapment of
�-LG proteins within the �-LA and minor whey protein aggre-
gates, and in part to the precipitation of smaller amounts of
�-LG, since �-LG is more  thermally stable than �-LA at acidic
pH (Boye and Alli, 2000). In the entire range of pH studied, both
the recovery rates of �-LA and �-LG usually followed a loga-
rithmic profile, with �-LA precipitating much faster than �-LG,
which is desirable to produce an aggregate fraction enriched
with �-LA and a liquid fraction enriched with �-LG. All data
sets were modeled with logarithmic curves prior to further
analysis.

3.3.  Effects  of  pH

3.3.1.  Kinetics  of  aggregates  formation
At pH 3.5 and below, WPI  solutions were observed to gel almost
instantly after the addition of HCl at 60 ◦C. The opaque solu-
tions, densely populated with aggregates, became too viscous
to allow sedimentation of particles during overnight refriger-
ation, and separation of the two fractions via centrifugation
was poor. Fig. 5 illustrates the formation of �-LA aggregates
within a �-LG-based gel at pH 3.5 and 60 ◦C: the instantaneous
formation of a continuous, homogeneous gel (top-left picture)
dramatically increased viscosity throughout the WPI  solution,
reducing protein mobility. The onset of �-LA flocculation was
delayed compared to pH 4.06 (between 6 and 17 min, vs. 1 min
in Fig. 1), then numerous dense aggregates larger than 100 �m
eventually formed. At pH 3.8 and above, sedimentation profiles
under normal gravity suggested a reduction in the amount
of particles formed (i.e.,  reduced opacity) with increasing pH,
as well as a decrease in average particle size as evidenced by
reduced sedimentation rates. In addition, more  pronounced
sedimentation gradients through the samples suggested a
broadening of particle size distribution with increasing pH and
time, and the presence of a large population of fines at pH 4.7
and higher.

3.3.2.  Aggregate  yield
The total aggregate yield at 60 ◦C and its evolution with time
between 1 and 120 min  in the range of pH studied are pre-
sented in Fig. 6. Below pH 3.8, gelling rendered separation of
the aggregate fraction from the gel fraction by centrifugation
almost impossible.
Aggregate yield increased with decreasing pH, and the
maximum yield was obtained around pH 3.9–4.0, which is

Fig. 7 – (A) Extents of recovery of �-LA and �-LG proteins in the a
during aggregation at 60 ◦C. (B) Composition of the aggregate frac
considerably lower than �-LA’s isoelectric point of 4.4, as
Bramaud et al. (1997a) also found while treating dilute
WPC with HCl. Aggregate yields increased significantly with
reaction time, indicating slow protein aggregation kinet-
ics (equilibrium was not reached after 3 h), except around
pH 3.8–3.9, where the aggregation reaction accelerated and
became almost instantaneous. This is important for com-
mercial processes where production rates are economically
critical.

3.3.3.  Protein  recoveries
Logarithmic models of kinetic data at each pH value were used
to build Fig. 7, featuring the recovery rates (Fig. 7A) and com-
positions (Fig. 7B) of �-LA and �-LG in the aggregate fraction
as a function of time and pH during the aggregation reaction.
Recovery of �-LA in the aggregate fraction increased logarith-
mically with time and was maximized at pH 4, reaching ∼99%
recovery after 120 min. The recovery rate of �-LG in the aggre-
gate fraction increased with time and decreasing pH above pH
4.1, and became approximately constant at pH 3.8–4.0 after
reaching its maximum value of ∼30% within 2 min. Because
�-LA continued to precipitate with time at pH 3.9–4.0, the pro-
portion of �-LA in the alpha fraction was maximized at pH 4,
with up to 62% �-LA after 120 min  at pH 4.06. With more  dilute
(2%) WPC  solutions, Bramaud et al. (1997a) similarly found that

the aggregation of �-LA at 60 ◦C was maximized around pH

lpha fraction as a function of time (1–120 min) and pH
tion vs. pH and time, as measured with SDS-PAGE.
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Fig. 8 – Optimization of reaction time and pH during the
fractionation of 10% WPI  solutions with HCl: the shaded
operating area produces an aggregate yield ≥40%, with
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-LA content ≥60% (w/w).

.8–3.9, with ∼85% �-LA and almost no �-LG recovered in the
ggregate after 120 min.

.3.4.  Optimization  of  pH  and  reaction  time  at  60 ◦C
he total aggregate yield of the process was maximized
etween pH 3.9 and 4.0 (Yagg ≥ 45%) and increased logarith-
ically with time. With reaction times greater than 1 h, a pH

ange of 3.8–4.2 produced yields Yagg ≥ 40% (w/w). The propor-
ion of �-LA in the aggregate was maximized at pH 4.0 and
-LA contents increased logarithmically with time, from 55%
fter 2 min  to 62% after 120 min. Lines of constant yield and
onstant composition defined from Figs. 6 and 7 were used
o build Fig. 8, representing the operating pH and time ranges
shaded area) to produce at least 40% precipitate containing
t least 60% �-LA from 10% WPI  solutions at 60 ◦C. According
o Fig. 8, at least 10 min  are needed to obtain both a high pro-
ess efficiency and a high alpha fraction purity at pH 4.0. The
ptimal pH range widens with longer reaction times: e.g., after
0 min  reaction, the working pH range becomes 4.0–4.2.

.3.5.  Composition  of  the  beta  fraction  at  pH  4
t the optimal pH and reaction time defined above (pH 4,

 ≥ 10 min) the recovery of �-LA and the ratio RA/RB in the
lpha fraction were both maximized, thereby also optimizing
he purity of the beta fraction. The �-LG content measured
ith SDS-PAGE (Fig. 2) was 98% (w/w) after 120 min, corrected

o 75% �-LG, 23.5% CMP  and 1.5% �-LA after measuring CMP
ith reverse-phase high-performance liquid chromatography

RP-HPLC).

.4.  Effects  of  temperature  at  pH  4

.4.1. Rates  of  aggregate  formation  and  growth
he effects of temperature on the kinetics of aggregate for-
ation and growth, and individual protein precipitation were

xamined at pH 4 and at 50, 55, 57.5, 65 and 70 ◦C. Sedimen-
ation profiles evidenced a strong influence of temperature on
he formation and growth of �-LA aggregates with time. Rates
ppeared possibly bimodal at all temperatures and individ-
al particles sizes, growth rate, and total amount of aggregate
aried greatly with temperature. At 50 and 55 ◦C, fine par-

icles began forming at 1 min. The sedimentation rate in
amples increased slowly with reaction time as small particles
combined to form a growing amount of aggregates large
enough to settle overnight. At 20–25 min, the topmost layer of
liquid in the samples became clear and free of fines. A popula-
tion of fines reappeared at 60 min  due to bimodal aggregation
kinetics or to a rise in solution viscosity from partial gelling of
�-LG proteins. At 50 ◦C, the particle population formed during
the first 90 min  of reaction was too fine to sediment well during
centrifugation; this can be remedied with higher centrifuga-
tion speeds. Between 57.5 ◦C and 65 ◦C, the rate of aggregation
of fine particles into larger ones accelerated with temperature,
as evidenced by increased sedimentation rates, faster growth
of the sediment fraction with reaction time, and earlier disap-
pearance of fines from the supernatant phase (after 10 min  at
57.5 ◦C; 4 min  at 60 ◦C; and 2 min  at 65 ◦C). At all temperatures,
fines reappeared after approximately 1 h.

At 70 ◦C, a large amount of aggregates formed after 40 min
at pH 6.35, prior to the addition of HCl, because the dena-
turation temperature of �-LA of 67 ◦C was exceeded (Ju et al.,
1999). We  also noted a rise in viscosity sufficient to keep these
aggregates suspended in the solution. The addition of HCl to
pH 4 triggered no visible change in the amount of aggregates
or the sedimentation profiles after up to 120 min  reaction.

Fig. 9 shows the effect of temperature on aggregate for-
mation at pH 4, using confocal auto-fluorescence microscopy.
Compared to 60 ◦C, aggregate formation slowed considerably
at 50 ◦C and accelerated greatly at 70 ◦C. After 2 min at 70 ◦C,
the entire aggregate population appeared formed and no evo-
lution in either size or amount of particles was visible with
reaction times up to 115 min. On the other hand, protein aggre-
gation was slower and progressive at 50 ◦C, a large number of
nuclei but almost no aggregates being present after 6 min, fol-
lowed by the appearance of a population of small particles
that appeared to grow in both size and number with reac-
tion time. Increasing the fractionation temperature from 50 to
70 ◦C seemed to significantly increase both the rates of aggre-
gate nucleation and aggregate growth at pH 4. Final aggregate
sizes seemed largest at 60 ◦C, which is of interest to optimize
the separation of the fractions since larger aggregates settle
better during centrifugation.

3.4.2. Proteins  recoveries  and  aggregate  composition
Fig. 10 presents the effects of time at pH 4 between 50 and
70 ◦C on the total aggregate yield, Yagg (Fig. 10A), recovery rates
of �-LA and �-LG in the alpha fraction (Fig. 10B  and D), and
aggregate composition after 120 min  (Fig. 10C). Yagg increased
almost linearly with temperature (from 40% after 120 min  at
50 ◦C, to 60% at 70 ◦C) and followed a logarithmic function of
time. At 70 ◦C, Yagg reached 42% before the addition of HCl due
to the denaturation of �-LA above 67 ◦C.

The recovery rate of �-LA in the alpha fraction increased
approximately linearly with temperature from 50 to 60 ◦C,
and followed a logarithmic function of time at all tempera-
tures during the first 60 min. At 60 ◦C, �-LA recovery reached
a maximum then remained approximately constant between
60 and 70 ◦C, increasing with time only (Fig. 10B). �-LA recov-
eries greater than 90% were reached for t ≥ ∼60 min  on the
whole range 55 < T < 70 ◦C, and was maximized (95–100%) for
t ≥ 120 min.

On the other hand, the precipitation behavior of �-LG as
a function of temperature differed greatly from that of �-
LA. The rate of precipitation of �-LG plateaued between 50
and 60 ◦C, with little effect of time, before increasing sharply

between 65 and 70 ◦C (Fig. 10D). Linear fits of these two  trends
suggest an approximate denaturation temperature of 62.5 ◦C
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Fig. 9 – Confocal fluorescence microscopy of 10% WPI  solutions vs. time during aggregation at 50, 60 or 70 ◦C and pH 4.
Lighter areas represent zones of denser protein population. Scale: 100 �m.
for �-LG at pH 4, above which the precipitation rate of �-LG
increased significantly with both temperature and time. At
70 ◦C, �-LG recovery in the alpha fraction increased logarith-
mically with time, up to 63% after 120 min  reaction. Thus,
even though �-LA recovery is also maximized, excess pre-
cipitation of �-LG reduced the purity of �-LA aggregates to
∼45% (Fig. 10C). From 50 to 60 ◦C, the purity of the alpha

fraction increased because �-LA recovery accelerated with
temperature, while that of �-LG remained constant. On the
other hand, between 65 and 70 ◦C, �-LA recovery remained
constant (maximum), while �-LG precipitation increased with
temperature, resulting in a growing proportion of �-LG in
the aggregates. Linear fits of these two trends indicate
T ∼ 61.5 ◦C as the optimal temperature yielding the highest
alpha fraction purity. Practically, the range 58 < T < 62 ◦C was
considered optimal to maximize the rate of �-LA precipita-

tion while minimizing that of �-LG, with a median value of
60 ◦C.
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Table 1 – Effect of WPI  concentration on protein compositions and recoveries in the alpha fraction after 120 min  at pH
4.6–4.7 (SDS-PAGE data).

CA (g/L) Yagg/wet RA RB xA RB/agg (Eq. (5))  RA/agg (Eq. (6))

28.5 wt.% WPI 80 0.36 0.76 0.31 0.52 ∼0 0.62
9.8 wt.% WPI 27 0.13 0.50 0.15 0.57 ∼0 0.42
Dilute WPCa 4.1 – ∼0.22 ∼0.01 – ∼0 ∼0.2

a From (Bramaud et al., 1997a).
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Below 62 ◦C, longer reaction times also improved enrich-
ent of �-LA in the alpha fraction without increasing �-LG

ontents, possibly due to the growth of aggregate particles
ith time enabling better separation during centrifuga-

ion.
Aggregate fractions contained ∼79–85% (w/w) water and

5–21% solids after centrifugation (from mass difference),
ndicating that �-LA aggregate particles are loosely packed
nd loaded with �-LG-rich solution owing to the high water-
orption capacity of �-LA (Kinsella and Fox, 1986; Rantamaki
t al., 2000). The main question is whether �-LG recovered
ithin the alpha fraction proceeded solely from entrap-
ent in the water-swollen �-LA particles, or also from

-LG precipitation. Assuming that the �-LG-rich solution was
omogeneously distributed throughout the wet sediment, the

otal recovery of �-LG in the aggregate fraction is equal to the
ecovery of �-LG via precipitation and aggregation, RB/agg, plus
-LG contained in the entrapped volume of solution and pro-
ortional to the mass fraction of wet aggregates, Yagg/wet, as
efined in Eq. (4):
B = RB/agg + (1 − RB/agg) · Yagg/wet (4)

ig. 10 – Properties of the aggregate fraction as a function of time
olutions at pH 4: (A) total aggregate yield; (B) recovery of �-LA; (
then,

RB/agg = (RB − Yagg/wet)

(1 − Yagg/wet)
(5)

Calculated values of RB/agg did not vary much with reac-
tion time and averaged 0–3% (w/w) at all values of pH, except
at pH 4.3 where RB/agg increased slowly with time, up to 5.6%
after 130 min  reaction. Thus, RB/agg was considered negligible
in most cases, and most of the �-LG recovered in the alpha
fraction was attributed to entrapment of solution in the �-
LA aggregates by liquid-holding, except near pH 4.3 where a
small percentage of �-LG precipitated. This phenomenon was
also observed by Bramaud et al. (1997a) at a similar pH of
4.2. We  therefore observed no apparent interaction between
denatured �-LA and solubilized �-LG between pH 3 and 5.5 at
60 ◦C. Similarly, the proportion of soluble CMP  entrapped in the
aggregate fraction via liquid-holding and equaled to Yagg/wet
constituted 6–9% of the dry precipitate mass. The composition
of the aggregate fraction can easily be adjusted accordingly.

 and temperature during fractionation of 10% WPI
C) proportion of �-LA after 120 min; (D) recovery of �-LG.
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3.4.3.  Effects  of  WPI  concentration  at  60 ◦C
At constant operating parameters (pH 4 and 60 ◦C), reducing
the concentration, CWPI, of the WPI  solution would produce
a smaller volume of wet aggregates and decrease �-LG con-
centration in the solution, thus considerably reducing the
amount of �-LG entrapped in the alpha fraction through liq-
uid holding. Inversely, higher values of CWPI are expected to
increase the volume fraction of wet aggregates produced and
decrease their purity. However, because the �-LA aggregation
reaction is kinetically limited, �-LA precipitation accelerates
with increased CWPI and the purity of the alpha fraction does
not degrade as quickly as expected from liquid holding. The
rate of �-LA recovery due to aggregation only, RA/agg, was esti-
mated by:

RA/agg = (RA − Yagg/wet)

(1 − Yagg/wet)
(6)

WPI  solutions with 9.8 or 28.5% WPI  were treated for
120 min  at 60 ◦C and similar pH values of 4.70 and 4.63,
respectively. In both cases, RA/agg followed a logarithmic func-
tion of time, with: RA/agg ≈ 0.091 ln(t) + 0.2 when CWPI = 28.5%;
and RA/agg ≈ 0.066 ln(t) + 0.065 when CWPI = 9.8%. Tripling the
solution’s protein concentration almost doubled RA/agg, while
RB/agg (Eq. (5))  remained approximately null at all times. How-
ever, because the mass of wet aggregates, Yagg/wet, almost
tripled (Table 1), the total recovery of �-LG in the precipitate,
RB, increased more  than that of �-LA, RA, and the purity of the
alpha fraction decreased slightly, from 0.57 to 0.52.

4. Conclusions

The rate of acid-induced aggregation of �-LA varies greatly
with pH, and is also sensitive to both temperature and �-
LA concentration. At low pH (<3.8), solution gelling rendered
the separation of the fractions difficult. Between pH 3.8–5.5
and 50–70 ◦C, the precipitation and aggregation of �-LA pro-
teins were considered kinetically limited, and accelerated as
pH decreased or temperature increased, while the aggregation
of �-LG at 60 ◦C was negligible between pH 3.8–5.5. At low tem-
perature (≤55 ◦C), aggregate yield and production rate were
low, while higher temperatures (≥65 ◦C) triggered heavy �-LG
denaturation and precipitation. For 10% WPI  solutions, the
optimal pH and temperature range were defined as pH 4.0–4.1
and T = 60–62 ◦C, producing both a high aggregate yield (≥40%)
and optimal protein fractionation after only 10 min  reaction,
with �-LA recovery ≥80% in the alpha fraction, and �-LG recov-
ery ≥70% in the beta fraction. Longer reaction times improved
these results further: after 60 min  at pH 4 and 60 ◦C, the reac-
tion yielded as much as 46% (w/w) aggregated alpha fraction
with 99% �-LA recovery and 58% �-LA purity (27% �-LG, 8%
CMP and 7% minor proteins), and a soluble beta fraction with
74% �-LG recovery, and 75.5% �-LG purity (23% CMP and 1.5%
�-LA).

Adjusting the concentration of the WPI  solution can
improve either the products yield or purity, depending on
the targeted application: dilute WPI  solutions will produce
purer alpha fractions, while concentrated solutions (up to
30%) result in higher process efficiency by increasing prod-
ucts yields and reducing the amount of water handled by the
process. The purity of the �-LA fraction may also be increased
through additional processing steps such as high-speed cen-

trifugation and successive washes to reduce liquid holding
and the amount of �-LG entrapped in the aggregates.
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